Résumé -Caractérisation de la morphologie et de la structure de nanoparticules de Pd issues de synthèses colloïdales supportées sur alumine -Des catalyseurs formés par des nanoparticules de palladium supportées sur alumine ont été synthétisés par voie colloïdale. La caractérisation de la structure et de la morphologie des nanoparticules obtenues est effectuée en deux temps. Nous déterminons dans un premier temps les formes possibles à partir de principes physiques. Des images en microscopie électronique en transmission haute résolution et des diffractogrammes de rayons X sont simulés pour les différentes morphologies. Ces simulations nous permettent d'évaluer les limites de ces deux techniques appliquées à ce type d'échantillon. Nous montrons que la microscopie permet de distinguer les différentes morphologies possibles mais qu'elle n'est pas adaptée pour caractériser des lacunes ou des défauts de surface. Nous démontrons que la diffraction des rayons X est une technique très complémentaire également capable d'obtenir des informations sur la structure, la morphologie et la taille même pour d'aussi petits objets. Dans un deuxième temps, les simulations sont comparées aux résultats expérimentaux. Nous montrons ainsi que les deux voies de synthèse, acide et basique, mènent à la même structure et morphologie des nanoparticules. Les nanoparticules de PdO présentent une forme d'octaèdre d'environ 2 nm. Les particules de Pd métalliques sont toujours observées sous forme de cuboctaèdre d'environ 2 nm. La structure identique obtenue pour les deux voies de synthèse ne permet pas d'expliquer les différences d'activité catalytique reportées dans la littérature [Didillon B. et al. (1998) 
INTRODUCTION
Alumina supported palladium nanoparticles catalysts are one of the most used heterogeneous catalysts for selective hydrogenation. The structure and the morphology of these nanoparticles (external shape, size, crystalline exposed faces) control some of the performance criteria of the catalysts such as activity and selectivity. The control of the structural and morphological properties of supported palladium nanoparticles is then of primary importance. A method of synthesis allowing good control is colloidal synthesis. Synthesis of a colloidal solution followed by an impregnation on alumina support allows, in principle, to obtain heterogeneous catalyst with a well defined nanoparticule size. The principle of Pd colloidal solution synthesis is to produce an uncharged complex by hydroxylation of the Pd cation. Then oxalation reactions can take place leading to the formation of Pd oxide precipitates. Two modes of synthesis are possible either with an acid or basic final pH of the colloidal solution.
The influence of the structure of the Pd active phase on catalyst performance in selective hydrogenation process has been extensively studied. The conclusions found in the literature are contradictory. Veisz et al. [2] carried out a HRTEM study of a Pd catalyst obtained by colloidal synthesis and supported on montmorillonite. They always observe cuboctahedron morphology particles which makes possible the calculation of a theoretical fraction of face, edge and corner Pd atoms. Using the structural independence established by Boudart and Djéga-Mariadassou [3] , they conclude that the active sites are the edges and the corners of the particles. This conclusion is contradictory to the works of De Gouveia et al. [4] and Bertolini et al. [5] on buta-1,3-diene, Didillon et al. [1] on acetylene and Duca et al. [6] on ethylene and acetylene showing that small particles (< 2 nm) which have a high fraction of edge and corner atoms exhibit low hydrogenation activities. Particularly, for Pd catalyst obtained by colloidal synthesis, Didillon et al. [1] has shown that acid synthesis leads to a number of rotation about 3 times the number of rotation of a catalyst obtained trough basic synthesis for a same particle mean size. Thus, it is very interesting to study which differences in Pd nanoparticle structure may explain this difference in activity.
The structure and the morphology of nanoparticle are accessible by High Resolution Transmission Electron Microscopy (HRTEM) and X Ray diffraction (XRD). Yet, these techniques reach their limits when applied to such small (about 2 nm) organized atomic clusters. Fortunately some other physical considerations (minimization of surface energy) restrain the possible atomic arrangements. Moreover HRTEM image simulation and XRD diagram calculations are easily obtainable with modern computers once the atomic arrangement is fixed. Therefore, a good strategy to characterize these catalysts could be to make some hypothesis on their structure and morphology from physical principles, simulate the HRTEM images and XRD diagrams and compare them to experimental ones. In this paper, we present the characterization by HRTEM and XRD of three catalysts prepared by colloidal synthesis. Using HRTEM image and XRD diagram simulations, we try to evaluate the limits of the two methods to characterize structure and morphology of supported Pd or PdO nanoparticles.
SIMULATION OF HRTEM IMAGES AND XRD DIAGRAMS

Possible Morphologies of Nanoparticles
The use of nanoparticles in heterogeneous catalyst is justified by the great proportion of surface atoms of small particules and the specific electronic properties of these atoms which differs from bulk ones. Following Wulff [7] , the structure at equilibrium of a nanoparticle minimizes the surface energy of the crystal. The external shape of a particle is then governed by the surface energy of its crystallographic faces. For a face-centered cubic stacking, the most favorable structure at 0 K is cuboctahedron. Metallic clusters (Pd, Pt, Ag, Au, Rh...) have usually three different 3D shapes: icosahedron, decahedron and cuboctahedron [8] . These morphologies presents low energy faces such as (100) and (111). Cuboactehedron has a face-centered cubic structure whereas atomic stacking for icosahedron and decahedron is not strictly periodical.
Massive PdO crystallizes in quadratic structure (P42/mmc space group) with a = 0.3046 nm and c = 0.5339 nm lattice parameters. We have not found any data in the literature concerning the shape of PdO nanoparticles. Therefore, we suppose that the quadratic structure is preserved and that the particles exhibits low energy faces such as (100) and (110). The four models of about 2 nm sized are presented in Figure 1 .
Massive Pd crystallizes in face centered cubic lattice (Fm3m space group) with a = 0.38907 nm lattice parameter. This structure can be preserved for nanoparticles (cuboctahedron) or being slightly deformed (icosahedron and decahedron).
For cuboctahedron with (111) triangular faces, the nanoparticles are constructed from the smallest 13 atoms cuboctahedron as shown in Figure 2 by adding one atomic layer to each faces.
The procedure is the same for cuboctahedron with hexagonal faces from the smallest polyhedron of this type obtained by a partial truncation of a cube and an octahedron.
For a decahedron, the first tetrahedron is build as shown in Figure 3 . Other atoms are deduced from this tetrahedron by 2nπ/5 rotations (n = 1,...,4) along z axis. From the smallest 7 atoms decahedron, atomic slices can be added on faces to obtain bigger particles.
For icosahedron, the atomic positions of the smallest 13 atoms particle are obtained from the atomic positions are obtained by 180°rotations along x, y and z axis which are the 2-fold symmetry axes of icosahedron. Atoms can be added on each vertex and on the middles of edges leading to a 55 atoms particles and bigger particles are obtained in the same way and also by completing the faces.
Simulation of HRTEM Images
HRTEM image simulations software are designed, for the ease of simulation and speed of computing, for an infinite crystal built from a well defined elementary lattice cell. Therefore, to accurately simulate an image of an isolated particle (that does not have an infinite periodic atomic potential), a super-cell is defined. This super-cell isolates the particle from its neighbors situated at least 1.5 particle diameters away as proposed by Flüeli [9] . The super-cells have been constructed using the commercial software CRYSTAL KIT [10] . Image simulations have been done using Mac TEM-PAS software [10] which implements a multi-slice algorithm in reciprocal space. 
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[100] axis Figure 5 Simulated images of unsupported particles at Scherzer defocus for different orientations.
distance if the particle is oriented in a trivial direction, or fixed to 0.2 or 0.44 nm depending on the size of the particle. This ensures that the weak-phase object approximation is verified for each slice. Simulation parameters of the FEI tecnai 20F UT used for experimental work (see § 2.2) are summarized in Table 1 . Simulated images for the three possible morphologies of unsupported Pd nanoparticles: cuboctahedron, icosahedron and decahedron, are presented in Figure 5 .
It is clear that the different morphologies are distinguishable from the external outline and the symmetry of the atomic columns. It is then possible to characterize the structure of unsupported Pd nanoparticles in zone axis from HRTEM images. Unfortunately it is difficult to observe a particle in perfect zone axis. We present in Figure 6 the effect of little spread around zone axis on HRTEM images.
For any kind of particles, atomic distances are expected to be different for edge atoms because of relaxation or compression of the surface atoms. It is important to check if small variations of experimental parameters in HRTEM imaging from optimal conditions do not produce an artificial change in atomic column distances. From intensity profiles of the images presented in Figure 7 , we observe about 5% apparent dilatation for edge atoms and about 5% compression for central atoms. Thus, from experimental images, we cannot conclude about a real physical relaxation if we measure atomic distance varying less than say 6% from the bulk (infinite crystal) value.
Up to now simulations were done for unsupported particles. Yet, in HRTEM, nanoparticles are always supported, either by the amorphous carbon film if "unsupported" particles need to be observed or by alumina for our catalysts. Figure 8 presents the influence of the carbon film thickness on the visibility of atomic planes. It is clear that the contrast of atomic columns diminishes when thickness increases up to complete disappearance of atomic positions at the edge of particle.
To assess the visibility of nanoparticles supported on alumina, image simulations are performed for a 5 nm thick α alumina support and presented in Figure 9 . There is a strong lowering of visibility for the a) case whereas other alumina orientations are much more propitious.
As catalytic sites are located in the surfaces of the nanoparticles, it is important to characterize the possible atoms or atomic rows vacancies at the edges of these particles. In Figure 10, we present the simulated images of carbon film supported nanoparticles with some edges defects. The characterization of such defects is clearly out of reach in this case.
Simulation of XRD Diagrams
The simulation of XRD diagrams has been done with the SIMVAX software [11] that computes the diffracted intensities by the Debye function from known positions of the atoms. The positions of atoms are derived for all the structures from the principles exposed in Section 1.1. SIMVAX allows to simulate XRD diagrams even for anomalous XRD method when atomic selective diffraction is needed such as for low density of Pd or PdO crystallites supported on porous polycrystalline alumina. The Figure 11 of the peaks are very close for the cubic and platelet morphologies. Yet, compared with these two shapes, PdO octahedron shows a much wider peak close to 0.46 Å -1 and a greater intensity of peak close to 0.60 Å -1 than peak close to 0.66 Å -1 . For reduced Pd particles, the Figure 12 shows a clear dependence of XRD diagram versus the morphologies of nanoparticles. It is worth noticing that the second diffraction peak can differentiate two particles (hexagonal-sided and triangular-sided cuboctahedrons) with the same crystalline structure but different external shape even for such small particles.
The size of coherent crystalline domains are often extracted from peak width of XRD diagrams with the help of the Debye-Scherrer formula. Providing that the crystal shape is approximately spherical, it express an inverse proportionality of crystal size with full width at half maximum of diffraction peak. The relevancy of the Debye-Scherrer formula for theses nanoparticles has been checked in Figure 13 . The size of the model's crystal is defined by the diameter of the sphere including the particle.
EXPERIMENTAL METHOD
Catalysts Preparation
Three different colloidal solutions SOL1, SOL2 and SOL3 have been synthesized (see Table 2 for a summary of the synthesis). The Pd precursor is an acid Pd(NO3) 2 Comparison of model's cuboctahedron crystal size (from 13 to 923 atoms) with size obtained by Debye-Scherrer formula from simulated XRD diagrams.
solutions are continuously stirred with a magnetic agitator. The evolution of the reaction is followed by a pH-meter (Mettler DG 101-SC) calibrated with three buffer solutions (pH = 4, pH = 7, pH = 10). For dry impregnation on SCM139XL, the exact volume of solution able to penetrate by capillarity (1.05 cm 3 /g) is added with a burette at about 0.4 mL/s (1 drop per second) over the support lying in a rotating bezel. To have an homogeneous impregnation among all the pellets in the bezel (same quantity of Pd deposited in each pellet), it is maintained in rotation for 20 minutes after having added the last drop of solution.
To obtain the catalyst with Pd reduced nanoparticles, the catalyst is first dried for 12 hours in a drying closet and heated for 2 hours at 120°C (5°C/min rise) under air flow (1 L/h/g). The catalyst is then reduced for 2 hours at 150°C (5°C/min rise) under hydrogen flow (1 L/h/g).
Observation by HRTEM
For the observation of the synthesized colloidal suspension, a few drops are taken off immediately after the synthesis. For acid solutions, they are diluted 100 times in a aqueous solution of the same pH. For basic solutions, they are diluted 100 times in distillated water to prevent soda crystallization that disturbs the TEM observations. One drop of the dilute solution is deposited on a holey carbon grid which is dried under an infrared lamp.
For supported Pd particles, as colloidal solution does not penetrate up to the core of support pellets, the impregnated pellets are eroded in ethanol to take out their outer shell. The alcoholic suspension is then subjected to ultrasonic treatment. Three drops are cut off from the top, the middle and the bottom of the vessel to have a representative sampling of pellets splinters. The drops are deposited on an holey carbon grid that is dried under an infrared lamp.
Digital HRTEM images are acquired on a FEI Tecnai 20F UT working at 200 kV fitted with a GATAN digital camera using 1 000 000 (1 M), 760 000 (760 k) and 690 000 (690 k) magnifications. The visibility of atomic planes are enhanced by image processing with GATAN Digital Micrographs software by the following procedure: -first the discrete Fourier transform (FFT) of the image is computed; -a periodic mask covering the diffraction spots of the particle is defined. The role of this mask is to remove spatial frequencies different from the ones of the structure of the particle (especially the supports frequencies). This mask is applied to the Fourier transform of the image; -finally, by inverse Fourier transform, we obtain a clearer image.
From these processed images, we can measure the size of the particles and the distances between observables planes. The angles between planes are measured from the Fourier transforms of the images.
XRD Diagrams Acquisition
The colloidal solutions are left for one week for sedimentation, filtered and dried for one night at 100°C. XRD diagrams are acquired in reflection mode in the 2θ range 0 to 70°with a PHILIPS PW1050 diffractometer having a 2θ instrumental width equal to 0.1°. X-Ray source is a copper anode generating λ = 0.15406 nm radiation.
For supported catalyst, as small crystalline nanoparticles have very weak diffracted intensities compared with the crystalline alumina support, anomalous diffraction is required. Two XRD diagrams are acquired for a single sample. The first is collected for an X-Ray energy far from the Pd K threshold and the second close to this threshold. A subtraction of the two diagrams enhances the signal of Pd compared with that of alumina. As an energy tunable source is needed, synchrotron radiation is required. The XRD diagrams have been acquired with the CGR line of D2AM in ESRF (European Synchrotron Radiation Facility). Samples are finely crushed and sealed into a 1.7 mm diameter cylindrical capillary tube. The tube is mounted on a oscillating head sample holder developed by Palancher et al. [12] .
RESULTS AND DISCUSSION
HRTEM Images
The three synthesized solutions show different states of aggregation. SOL1 sample has a relatively low density of Pd nanoparticles that can be explained by residual solvated Pd after synthesis as observed by Didillon et al. [1] . This sample has only isolated around 2 nm nanoparticles. For SOL2 and SOL3 small aggregates build by few particles (2 to 20) and large aggregates about 100 nm are also observed. SOL3 large aggregates seems to be more compact than those of SOL2. For all the solutions, HRTEM images show non aggregated particles of about 2 nm size. The Figure 14 shows a typical image and the processed image for SOL1. The distances between atomic planes in direction 1 and 2 have been measured on the processed image and the angle between these planes on the FFT for 20 particles. The mean values and standard deviation of these measures are presented in Table 3 . All the observed particles have a projected outline in the shape of irregular hexagons. Obviously, the HRTEM images of oxide PdO particles shows reduced Pd nanoparticles. The measured distances of Table 3 do not fit with expected PdO inter-planes distances whereas they are close to expected Pd distances presented in Table 4 . The PdO has probably been reduced in the microscope by electron beam irradiation. This suspicion has been confirmed by the lack of O Kα peak in EDS spectra acquired on nanoparticles.
For supported catalysts, the crystalline alumina support blurs the image of the particles and it is very difficult to measure accurately the distances between planes. However, as for the solutions characterization, the size of the particles is still around 2 nm. The Pd nanoparticles are more or less aggregated depending on the pH of synthesis. Acid synthesis leads to compact aggregates whereas basic synthesis gives aggregates and some isolated particles. After reduction, the aggregation state is preserved but with aggregates that seem more compact. The results of anomalous XRD experiments were not relevant: it was impossible to conclude about oxide particles structure from the difference diagram since the artifacts caused by the optic of the apparatus when the energy is changed are more important than signal given by anomalous scattering. The same problem has been encountered for the reduced samples.
XRD Diagrams
To cancel the artifacts introduced by x-ray optics, difference diagrams are calculated at the same energy of Pd K edge from the diagram of the catalyst in oxide state minus the one of the reduced catalyst. As the alumina support is not affected by the reduction process, the positive lines characterizes the Pd nanoparticles structures whereas negatives lines stands for PdO nanoparticles.
From the Figure 16 it is clear that lines of the oxide phase are broad whereas lines corresponding to metallic Pd nanoparticles are much narrower. The broad PdO lines assess that diffracting coherent units are small. The size of the coherent diffracting Pd units obtained by the Scherrer formula on these two diagrams is 20 nm. It clearly shows that the reduction process leads to a recrystallization of some or all the PdO small particles. Difference diagrams obtained on SOL3 supported on alumina lead to a similar conclusion.
Comparison of XRD diagrams acquired on dried solutions and simulated diagrams show than the PdO nanoparticles are more probably of an octahedron morphology. As the visibility of the particles is strongly reduced on alumina support, it is very difficult to assess the supported nanoparticles shapes, before and after reduction. Nevertheless, the size distribution of particles is not affected by the impregnation process. The artifacts introduced by x-ray optics prevent XRD difference diagrams obtained by anomalous diffraction to be conclusive about the shape of the Pd supported nanoparticles. Yet, it is very probable that the morphology of the 2 nm Pd nanoparticles obtained by the reduction process is similar to the morphology of Pd nanoparticles created by electron beam irradiation. For particles near zone axis, the only external outline observed on solution is an hexagon. From the simulated HRTEM images, it is clear that only the cuboctahedron fits this requirement.
The structural morphology of nanoparticles does not differ between the three prepared solutions. About 2 nm cuboctahedron Pd nanoparticles have always been observed by HRTEM for the three prepared solutions. The morphology is thus not responsible for the differences observed in catalytic activity between acid and basic synthesis. The colloidal solutions and impregnated catalysts have shown differences in aggregation state by transmission electron microscopy. After impregnation, acid synthesis leads to aggregated nanoparticles whereas basic synthesis shows both aggregates and isolated particles. XRD has also demonstrated that there is a re-crystallization of some individual 2 nm nanoparticles into bigger 20 nm crystallites. The key points to explain the differences in activity between the two modes of synthesis seem to be the following. First, the proportion of "invisible" Pd by HRTEM or XRD that is to say the proportion of Pd atomically dispersed which is known to be not active for hydrogenation [4, 5] . Second, the degree of aggregation of individual colloidal particles as edges or corner aggregation diminishes the exposition of unsaturated atoms known to be poorly active [13] . These hypothesis have been confirmed by small angle x-ray scattering, Fourier transform infrared spectroscopy coupled with CO adsorption and catalytic tests [14] .
CONCLUSION
By using HRTEM image simulation and XRD diagram simulation, we have explored the structure of colloidal Pd nanoparticle from their synthesis to their final state on the support of the catalyst. HRTEM is efficient on unsupported oxide nanoparticles close to 2 nm. It is possible to conclude on the morphology of the particles but not on their surface defects. It has the inconvenient of reducing the small PdO particles into metallic Pd during observation. Moreover, for supported particles, the alumina support prevents an extensive and conclusive study of their morphology.
Using XRD diagram simulation, it is possible to obtain useful information on nanoparticle structure, size and morphology even for particles as small as 2 nm. Like HRTEM, XRD has its limits for supported samples. It nevertheless shows that a re-crystallisation process occurred during the reduction of the catalyst.
The comparison of the experimental images and spectra with simulations allows us to conclude that the same around 2 nm nanoparticle structure is observe for acidic and basic colloidal synthesis. The difference in activity between the two modes of synthesis could be explained by the degree of aggregation of the individual particle and the proportion of atomically dispersed Pd.
